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The engineered coupling between a guest moiety (molecule, nanoparticle) and the host photonic
nanostructure may provide a great enhancement of the guest optical response, leading to many attractive
applications. In this article, we describe brieﬂy the basic concept and some recent progress considering
the coupling of a single nanoparticle into a photonic structure. Different kinds of nanoparticles of great
interest including quantum dots and nitrogen-vacancy centers in nanodiamond for single photon source,
nonlinear nanoparticles for efﬁcient nonlinear effect and sensors, magnetic nanoparticles for Kerr
magneto-optical effect, and plasmonic nanoparticles for ultrafast optical switching and sensors, are
brieﬂy reviewed. We focus further on the coupling of plasmonic gold nanoparticles and polymeric
photonic structures by optimizing theoretically the photonic structures and developing efﬁcient way to
realize desired hybrid structures. The simple and low-cost fabrication technique, the optical enhance-
ment of the ﬂuorescent nanoparticles induced by the photonic structure, as well as the limitations,
challenges and appealing prospects are discussed in details.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Nanotechnology has caught wide attention and imagination in
such a short period of time. Many ideas from science ﬁction became
a reality following the invention of advanced instrumentation such
as the super-resolution optical microscope (OM), scanning elec-
tronic microscope (SEM), atomic force microscope (AFM), scanning
tunneling microscope (STM), transmission electron microscope
(TEM), etc., all of which made it possible to see and manipulate
nanostructures and nanoparticles.
Nanotechnology deals with materials and systems at or around
the nanometer scale. It has been found that many materials and).
onal University, Hanoi.
.V. on behalf of Vietnam Nationalstructures with a dimension below 100 nm have properties and
characteristics dramatically different from their bulk forms [1].
Therefore, the 100 nm dimensional scale has set the boundary
between nanotechnology and all other microscale, mesoscale, and
conventional macroscale technologies. There are many subject
areas under the banner of nanotechnology, such as nanoelectronics,
nanomaterials, nanomechanics, nanomagnetics, nanophotonics,
nanobiology, nanomedicine, etc. [2].
The key to nanotechnology is the imaging and fabrication of
various nanostructures. Among commercially available microscopy
techniques, the conventional OM is most widely used in optical
experiments due to its simplicity and low-cost. Nowadays, the OM
is a necessary tool of any multidisciplinary laboratory. Moreover,
owing to the use of a high numerical aperture objective, the optical
resolution of OMs (down to sub-wavelength scale) will allowmany
interesting physical phenomena to be explored. An OM can opti-
cally address a small object in two ways: it can image the nano-University, Hanoi. This is an open access article under the CC BY license (http://
Fig. 1. Illustration of coupling of a single active nanoparticle into a two-dimensional
photonic structure. Different kinds of single nanoparticles (quantum emitter;
metallic, magnetic, and nonlinear nanoparticles) could be coupled for different
applications.
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optical nanofocusing spot has the potential to increase the capacity
of a memory disk from several gigabits to even a terabit by densely
packing bits and reading them at nanoscale. Although there is a
long way for this optical nanotechnology to become realized, its
potential motivates its continued research in the nanoscience and
nanotechnology community.
Together with the ongoing development of more efﬁcient op-
tical nanotechnology, a great deal of interest has been devoted to
working with suitable and inexpensive materials to form desired
nanostructures. In fact, themajor challenge in nanostructures study
is the fabrication of these structures with sufﬁcient precision and
processes that can be robustly masseproduced [3]. Organic or
polymer materials have recently appeared as the material of choice
for the fabrication of photonic devices, such as light emitting di-
odes, integrated lasers, photovoltaic cells, and photodetectors, etc.
[4]. Organic molecular systems offer unique opportunities in
nanophotonics since both top-down and bottom-up strategies can
be pursued towards the nanoscale. Indeed, nanotechnology
approach permits down-scaling the patterning of polymer mate-
rials in order to build either single nano-objects (e.g., nanocavity,
single quantum device, nanolaser, etc.) or nanostructuredmaterials
(e.g., photonic bandgap materials, distributed feedback lasers,
resonant waveguides gratings, etc.) [5].
In particular, polymer materials could be functionalized with
active materials (nonlinear optical, ﬂuorescent, etc.) of different
forms (organic, inorganic, metallic, etc.). The ensemble can be
optically structured to obtain a polymer-based photonic nano-
structure (the host) containing active materials (the guest). This
host/guest coupling can have the mutual effects, depending on the
speciﬁc application. The photonic structure can, for example,
enhance the nonlinear optical property of the guest owing to the
ﬁeld conﬁnement effect and the anormal dispersion effect [6,7] or
by modifying the ﬂuorescent property through the Purcell effect
[8,9]. In other cases, the guest can alsomodify the optical properties
of host photonic systems. For instance the photoinduced effect of
doped nonlinear polymer materials can help to modify the refrac-
tive index contrast of the whole structure, thus tuning the so-called
photonic bandgap of the photonic structure [10,11].
Besides, nano-object or nanoparticle (NP) research is currently
of great scientiﬁc interest due to a wide range of potential appli-
cations in biomedical, optical, and electronic ﬁelds. NPs are effec-
tively a bridge between bulk materials and atomic or molecular
structures. They possess size-dependent properties such as quan-
tum conﬁnement in semiconductor particles, surface plasmon
resonance in metal particles and superparamagnetism in magnetic
materials. These featured properties make NPs the key factor in
many recent research studies. Speciﬁcally, semiconductor quantum
dots [12] or nitrogen-vacancy (NV) centers in diamond nano-
crystals [13,14] can serve as single photon emitters in quantum
optics or quantum information applications [15]. Additionally,
magnetic NPs can be used for data storage [16,17] and biomarkers
[18], while metallic NPs can be used as thermal nanosources [19,20]
and to strongly enhance local electromagnetic ﬁelds [21]. Nonlinear
NPs can be also used as biomarkers [22] or as sensitive sensor
systems [23].
Recently, the concept of a photonic structure (PS) containing
ﬂuorescent molecules or active nano-objects has drawn great
attention due to their wide range of applications. Fig. 1 illustrates
the general idea of coupling a single NP to a PS. The different classes
of single NPs (quantum emitter; metallic, magnetic, and nonlinear
NPs) can also be envisioned to be coupled with desired PSs for
speciﬁc applications. For instance, self-assembled quantum dots
embedded in a distributed Bragg reﬂector cavity structure [12,24], a
single semiconductor NP in a periodic one-dimensional plasmonicstructure [25], or a single NV color center in diamond incorporated
with a resonator [26,27] have been proposed for optimizing a single
photon source. For the control of lightematter interaction at the
nanoscale, a gold NP coupled with a cavity system [28] was also
demonstrated. Although NP/PS coupling has been intensively
investigated both theoretically and experimentally, the fabrication
of such functionalized nano- or micro-structures still remains a
great challenge since most NP/PS coupled structures require
complicated and expensive techniques.
In this article, we begin by introducing several systems where
various kinds of NPs are coupled into PSs and describe how the
properties of those NPs are optimized. We then discuss further
about the plasmonic/photonic coupling and present some theo-
retical calculations related to this subject. Finally, we describe a
simple and low-cost fabrication technique to precisely couple a
single gold NP into a polymer-based PS with detailed discussions.2. Review of coupling of a single active nanoparticle to a
photonic structure
2.1. Enhanced single photon source
Over the last few decades, the explosive development of quan-
tum information science has prompted profound research into
single photon source [29,30]. Indeed, this quantum light source can
be used as an ideal element for fundamental research, for example,
for demonstration of the laws of quantum physics [31]. A single
photon source can also serve for different practical applications,
such as quantum computing or quantum communication. Actually,
single photons can act as quantum bits (qubits) for storing infor-
mation in their quantum state [32] since the travel speed of pho-
tons results in theweak interactionwith the environment over long
distances, hence reducing noise and loss. Researchers thus dream
to be able to realize in the near future a so-called quantum com-
puter [33,34], which helps perform tasks more efﬁciently than
classical computation. In quantum cryptography or quantum key
distribution, the use of single photon source allows the distribution
of a secure key [35,36], avoiding the leakage of information to an
eavesdropper, which occurs with a classical communication
method.
For all these applications, the ﬁrst step is to generate an efﬁcient
and integrable single-photon source, which should meet some re-
quirements such as brightness, controllability, narrow spectrum,
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different ways to generate a single photon source, such as optical
parametric generation [38], ﬂuorescence of a single molecule [39],
ﬂuorescence of a quantum dot [12], and from a color center in
diamond [14]. Among various deterministic sources, which emit
single photons on-demand, quantum dots (QDs) [40e45] and NV
color centers in diamond [14,27,46,47] are the twomost intensively
investigated objects.
Semiconductor QDs generate single photons through the radi-
ative recombination of an electronehole pair. Examples of QDs
include InAs in GaAs [48], CdSe in ZnS [49], and CdSe in ZnSe [50].
In order to efﬁciently generate single photons, QDs can be inte-
grated into a photonic micro-cavity such as a micropillar
[12,24,51e53], microdisk [54], or photonic crystal cavity [55,56].
The coupling of QD/PS allows one to optimize different properties
of the single photon source, such as the emission spectra, lifetime,
emission direction, etc. For example, the emission direction can be
engineered by sandwiching QDs between two dielectric Bragg
mirrors [24,57], as shown in Fig. 2. The reﬂectivity of the bottom
distributed Bragg reﬂector (DBR) is designed to be signiﬁcantly
higher than that of the top DBR, so that most of the emitted light in
the cavity escapes upwards. Furthermore, Somaschi et al. [58]
recently demonstrated a near-optimal single photon source by
use of QDs in electrically controlled cavities. The QD/PS coupling
not only increased the brightness of the single photon source but
also allowed one to obtain indistinguishable single photons in a
deterministic way. The drawback of this QD-based single photon
source is that it operates at very low temperature, making it
complicated, bulky, and less practical.
Actually, the use of negatively charged NV color center in dia-
mond is an ideal way for making single photon source operating at
room temperature [59]. The NV color center is an optically active
impurity, which possesses many desirable properties, such as high
stability, high quantum efﬁciency, and long spin coherence [60,61].
These optical andmagnetic properties make NV centers in diamond
a promising candidate for quantum information applications.
However, the ﬂuorescence extraction efﬁciency of such NV-based
single photon sources is quite low due to the high refractive in-
dex of diamond (n ¼ 2.4). Also, the emission spectrum of NV color
center is too large, about 100 nm, at room temperature. Therefore, it
is necessary to couple the NV-based single photon source to a PS to
optimize its properties. Recent works have shown the coupling of
an individual NV center to various photonic structures, such as a
photonic crystal cavity [62,63], a microring resonator [64], and a
microsphere [65]. These couplings have been realized by using
diamond as the host material. The single NV color center is createdFig. 2. (a) Schematic of a quantum dot emitter embedded in the centre of a micropillar
cavity. (b) SEM image of a set of fabricated micropillars. Ref: [Nature Nanotechnology 9,
169e170 (2014)].and coupled directly to the diamond-based photonic system. This
technique requires an expensive technology, such as a focused ion
beam, which allows the patterning of structures on diamond ma-
terial. An alternative way is to embed a nanodiamond containing a
single defect into the photonic structure of choice. In that way,
Albrecht et al. has coupled a single photon source to a ﬁber
microcavity [66] and Wolters et al. has proposed to couple a single
NV center into a GaP photonic crystal cavity by directly placing the
NP on the photonic crystal surface using an AFM tip [67]. Similar to
the case of QD/PS coupling, each coupling conﬁguration allows one
to optimize a speciﬁc property of the single photon source, for
example improving the emission photon number or narrowing the
ﬂorescence spectra. In the case of photonic crystal cavity coupling, a
Purcell enhancement of the ﬂuorescence emission at the zero
phonon line by a factor of 12.1 is observed [67]. Furthermore, it was
recently demonstrated that one can also manipulate the propaga-
tion of this bright single photon source by an integrated device
composed of diamond microring resonators and waveguides [27].
Fig. 3 represents the design of such device, which was obtained by
using reactive ion etching and electron-beam lithography. In this
hybrid photonic system, the microring improves the spontaneous
emission rate of a single NV by a factor of 12 as compared to the
case of single NV in bulk material. The zero-phonon line is then
efﬁciently coupled out of the device via a waveguide integrated
with gratings at the two ends. These approaches are the initial steps
toward the implementation of NV center-based single photon
source in quantum information applications. It should be noted that
the implementation of such a semiconductor based structure in
realistic integrated devices faces a number of cost-related obstacles.
An easier hybrid structure based on polymer material could be a
potential solution.2.2. Nonlinear nanoparticles and photonic cavities
Optical nonlinear conversion such as second- and third-
harmonic generation (SHG and THG) was extensively studied us-
ing nonlinear materials of different forms; bulk or nanocrystals. A
large-size nonlinear material is usually used to generate strong
harmonic light or for their electro-optic effects. For other applica-
tions, such as sensor or biomarkers, nonlinear NPs should be used
[22,23]. Different kinds of nonlinear NPs have been fabricated and
studied, such as nano KTP [68,69], or QDs [70,71], etc. However, due
to the small size of NPs, the resulting nonlinear effect is very weak,
even if it is realized by using a strong femto-second laser source. In
order to optimize the nonlinear conversion, one possible way is toFig. 3. A diamond ring photonic structure containing a single nitrogen-vacancy color
center. A movable aperture is used to collect light that is scattered only from speciﬁc
areas of the device, as indicated by the dashed-line circles. Ref: [New J. Phys.15, 025010
(2013)].
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source. Effectively, optical nonlinear [72] and lasing effects [73]
have been observed in a simple cavity, such as a nanopillar.
Recently, it has been demonstrated that nonlinear optical effects,
such as SHG and THG, can be realized in a continuous regime, i.e. by
continuous-wave light conversion, by using a photonic crystal
nanocavity containing a nonlinear NP [7,74]. The effective size of
the nonlinear particle embedded in the photonic crystal nanocavity
is quite small, but the nonlinear effect is giant owing to a strong
local ﬁeld, fundamental and harmonic, corresponding to the defect
mode of the cavity [75]. Fig. 4 represents the coupling of a nonlinear
material to a photonic crystal cavity. Both SHG and THG were
simultaneously observed by using only a continuous-wave funda-
mental laser beam. Again, this coupling has been realized by using
the same semiconductor material for both nonlinear NPs and PSs. A
future work could be envisioned by coupling a single nonlinear NP,
such as KTP or QD, to a polymer-based PS, which beneﬁts from a
simpler fabrication method.2.3. Magnetic nanoparticles and structures
Magnetic NPs (MNPs) commonly consist of magnetic elements
such as iron, nickel (Ni) and cobalt (Co) with a typical size of about
1e100 nm. These NPs can be manipulated by a magnetic ﬁeld
gradient and can be optically detected [76e78]. Therefore MNPs
have attracted many applications, such as catalysis and biomedi-
cine [18], high sensitivity magnetic resonance imaging and sensors
[60,61], and high capacity data storage [16,17].
Among them, iron oxide NPs have attracted extensive interest
due to their biocompatibility and superparamagnetic properties.
The three main forms are magnetite (Fe3 O4), maghemite (geFe2
O3) and hematite (Fe2 O3). Investigation of the magnetic and optical
properties of MNPs are subject of continuous study. Several theo-
retical and experimental studies revealed a band gap of 2.1e2.2 eV
(hematite) and 4e6 eV (magnetite) that make them a potential
candidate for the solar energy conversion. Other optical in-
vestigations of iron oxideMNPs were also done, such as: reﬂectivityFig. 4. Photonic crystal cavity enhanced nonlinear optical effects. (a) SEM image of a
modiﬁed photonic crystal cavity (L3 type): the yellow marks indicate the enlarged
holes around the cavity. (b) Far-ﬁeld intensity proﬁle calculated for the cavity shown in
(a) by 3D FDTD simulation. (c) Illustration of the second- and third-harmonic gener-
ations emissions from the photonic crystal cavity. Ref: [Opt. Express 18, 26613e26624
(2010)].measurement [79,80], magneto-optical effect [81], photo-
luminescence [77], photo-electrophoresis [82,83], transient ab-
sorption [84,85], and light scattering [78]. These studies show the
potential of MNPs for numerous applications in biomedical, envi-
ronment, energy, as well as for making magneto-optical based
devices.
Besides the use of an ensemble of MNPs, it is also interesting to
organize them in micro- and nanostructures, which may possess
novel properties, and could be useful for other applications. For
instance, the spectral selectivity, tunability, magnetic anisotropy,
and magneto-optical resonance strength of the magnetic nano-
structures enable such applications as high density magnetic
recording, label-free phase-sensitive biosensing, tunable optical
ﬁltering. Various methods have been proposed to fabricate desired
magnetic structures. In an effort to realize magneto-optical prop-
erties at the nanoscale, Kataja et al. [86] have fabricated a periodic
rectangular array of cylindrical Ni dots to examine surface plasmon
modes in which two directions of the lattice are coupled by the
controllable spineorbit couplings. It has been shown that the
localized surface plasmon resonance supported by the Ni dots hy-
bridized with narrow line-width diffracted orders of the lattice via
radiation ﬁelds. By breaking the symmetry of the lattice, the optical
response shows a prominent Fano-type surface lattice resonance
(SLR) that is associated with the periodicity orthogonal to the po-
larization of the incident ﬁeld. Consequently, the polar magneto-
optical Kerr effect (MOKE) response is strongly modiﬁed by the
SLR. Fig. 5 shows the Ni magnetic structure, fabricated by e-beam
lithography of a resist followed by e-beam evaporation of a nickel
ﬁlm and lift-off, and corresponding theoretical and experimental
results. The induced dipole moments, dx and dy, affect the optical
response of the systemwhen an external electric ﬁeld Ey is applied.
As a result, the polarization of reﬂected light turns from linear to
elliptical.
Alternatively, the magnetic structures could be obtained by
organizingMNPs. Binh Duong et al. [87] have proposed to ﬁll Fe3 O4
NPs (few nanometers size) into nanohole (95 nm size) arrays,
fabricated from a pre-ceramic polymer mold using spin-on nano-
printing. The interaction of MNPs through the nanoholes was
investigated, showing a strong dependence of magnetic interaction
on periodic nanostructures. In another approach, doping or mixing
MNPs into polymer-based material and realizing magneticFig. 5. Magnetic structures enhanced magneto-optical response. (a) Illustration of a 2D
magnetic structure and resulting optical response. (b) SEM image of an ordered rect-
angular array of cylindrical Ni submicro-dots. Scale bar, 200 nm. (c) Theoretical
calculation of angle- and wavelength-resolved optical transmission of a sample with
px ¼ py ¼ 400 nm and with dots diameter 120 nm. Ref: [Nature Communications 6,
7072 (2015)].
Fig. 6. (a) Illustration of the method used to introduce a single metallic nanoparticle
into a photonic crystal cavity. (b) AFM image of a photonic crystal cavity containing a
gold nanoparticle on the top surface. Ref: [Nano Lett. 10, 891e895 (2010)].
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attention. For example, Velez et al. [88] have demonstrated a se-
lective magnetization technique to obtain free-ﬂoating magnetic
microstructures by in situ crosslinking of magnetically assembled
nanoparticles. Tavacoli et al. [89] have employed optical lithog-
raphy to realize sub-micrometer sized particles of silica-coated
magnetite with arbitrary 2D cross-section. The direct laser
writing technique allowed arbitrary shape of 2D and 3D magnetic
structures to be created [90,91]. The magnetization can be easily
controlled by an external magnetic ﬁeld, and synthesized patterns
could be used in potential applications in drug-delivery or micro-
robot in biological environment. It should be important to note
that, due to the small size of MNPs and their aggregation, it is quite
difﬁcult to fabricate a PS containing a single MNP, which is an
indispensable tool in diverse research ﬁelds and applications.
NV color center in diamond possesses both optical andmagnetic
properties. A single electron spin is associated to a single NV color
center, and this spin can be optically detected via its ﬂuorescence
[14,27,46,47]. The NV color center can be found or created in a
diamond nanoscrystal, which can be optically identiﬁed and
magnetically manipulated via the Zeeman effect. Using a nano-
diamond containg a single NV color center, it is therefore possible
to realize a nanosensor to detect a weak magnetic ﬁeld down to
nanotesla [92,93]. For that, a nanodiamond containing a single
negatively charged NV center is attached to the tip of an AFM. The
AFM scans a magnetic surface while the ﬂuorescence of NV center
is recorded, resulting in a magnetic image with a resolution down
to atomic scale. By using the same idea as for other MNPs, re-
searchers aimed to realize a NV color center array for quantum
information applications [94]. However, this suffers certain difﬁ-
culties due to the technique to create a single and only one NV
defect at a time and at a desired position [95]. Since the interaction
of single spins is only efﬁcient at nanometer scale, the fabrication of
polymeric submicrostructures containing single spin by optical
lithography technique is meaningless. At the moment, we are
making an attempt at coupling an ensemble of MNPs (size of about
dozen nanometers) into polymer-based photonic structures to
explore their magneto-optical effect.
2.4. Plasmonics/photonics coupling
Noble metal NPs have attracted enormous attention due to
properties related to localized surface plasmon resonances (LSPRs)
[96,97]. When exciting a single metallic NP by a light beam with
appropriate wavelength, the electromagnetic ﬁeld is strongly and
locally ampliﬁed near the NP. This localized plasmonic effect be-
comes even stronger when those metal NPs are organized in
nanostructures, such as dimers [98,99] or arrays [96,97,100e104].
The LSPR phenomenon has therefore triggered many research
studies on the optical responses of integrated metallic/active
nanostructures, such as: ﬂuorescence enhancement [100],
nonlinear optics enhancement [101], antennas for sensing [105],
and organic plasmon-emitting diodes [106]. Meanwhile, photonic
crystal cavities are of great interest for conﬁning light at resonance
frequencies and enhancing electromagnetic ﬁeld [8,9,107]. The
resonant mode of a photonic crystal cavity has a spectrum much
narrower than that of the plasmonic resonance mode. Combining
plasmonic and photonic cavity modes allows a strong modiﬁcation
of optical response of the hybrid system, which may lead to inter-
esting applications. Similar to the case of magnetic/PS coupling, the
plasmonic/photonic coupling can be realized by an ensemble of
metallic NPs [108e110] or by an individual gold NP [28]. All these
hybrid structures proved a strong interaction of the cavity mode
and the plasmonic NPs. Indeed, Wang et al. demonstrated theo-
retically and experimentally the coupling of the LSPR of Au NPsensemble with a resonant mode of a 1D cavity [109,110]. Using a
pump wavelength of 550 nm, which matches the LSPR of the Au
NPs and the defect mode of the cavity, they obtained a transient
optical response enhancement of the NPs up 40 times and a
strongly sharpened spectral proﬁle. In order to couple a single
metallic NP into a photonic crystal cavity, Barth et al. proposed to
use a dip-pen technique with AFM manipulation, which pushes a
single gold NP towards the photonic crystal cavity, which was
previously fabricated by a standard technique on a semiconductor
material. The coupling is realized through the evanescent ﬁeld of
themetallic NP and the dielectric photonic crystal cavitymode [28].
Fig. 6 shows the working principle of this fabrication technique and
corresponding hybrid system. The introduction of a single gold NP
(as a defect) into the photonic crystal cavity reduces the quality
factor (Q) of the cavity by a factor of 3.5. However, it also reduces
the effective volume mode by 34 times, as compared to the bare
photonic crystal cavity. This results in a 10-fold enhancement of the
Purcell factor. The combination of the LSPR in metal NPs and
photonic crystal cavity modes can open up interesting applications
in integrated opto-plasmonic devices, ultrasensitive sensing ele-
ments, or surface enhanced Raman scattering effect [111].
3. Localized plasmonic resonance and plasmonics/photonics
coupling: theoretical calculations
Plasmonics is the discipline describing the bridge between
electromagnetic radiation and electronic oscillations. The excita-
tion, propagation, and localization of the plasmonic effect can be
tailored by control of metal size and shape. We therefore distin-
guish three categories of plasmonic effects: i) surface plasmon
resonance; ii) localized surface plasmonic resonance; and iii)
plasmonic nanostructures. In this section, we focus mostly on the
second case dealing with plasmonic effect of single metal NP as
well as its coupling to different polymer-based PSs.
3.1. Surface plasmon resonance
Plasmons arise from the collective oscillations of free electrons
in metallic materials. Under the irradiation of an incident electro-
magnetic (EM) wave, the free electrons are driven to oscillate at the
external EM ﬁeld frequency. This oscillation is resonant when the
external EM frequency matches the eigenfrequency relative to the
restoring force stemming from the lattice of positive nuclei. For a
metallic structure with ﬁnite dimensions, such as metallic ﬁlms,
only the electrons on the surface are the most signiﬁcant since the
electromagnetic wave can only penetrate a limited depth in metal.
Therefore, the collective oscillations of such electrons are called
surface plasmon resonance (SPR).
3.2. Localized surface plasmonic resonance
In the case of metallic NPs, the collective oscillations of free
electrons are conﬁned to a ﬁnite volume deﬁned by the particle
D.T.T. Nguyen et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 18e30 23dimensions. Such plasmons of NPs are termed as localized surface
plasmon resonances (LSPRs), since they are localized rather than
propagating. When free electrons in a metallic NP oscillate under
an incident EM ﬁeld, a part of light is absorbed by the NP. This
process is then as efﬁcient as the wavelength gets closer to the
resonance. Besides, some of the incident photons are scattered, i.e.,
released in all directions at the same frequency.
The plasmon resonance frequency is highly sensitive to the
refractive index of the surrounding environment. Hence, a change
in refractive index results in a shift in the resonant frequency. We
have used a common ﬁnite difference time domain (FDTD) method
to perform simulations of LSPRs of a typical metal NP (gold). First,
we considered a spherical Au NP (diameter ¼ 50 nm) immersed in
various media, such as air (n ¼ 1), water (n ¼ 1.33), and glass
(n ¼ 1.5). Fig. 7(a) shows the calculated absorption spectra of this
Au NP, where one can clearly observe an increase of the absorption
coefﬁcient and a red shift of the LSPR peaks as a function of the
refractive index.
It has also been known that the number, location, and intensity
of the LSPR peaks frommetallic NPs depend strongly on their shape
and size. Metallic nanorods are one type of nonspherical, aniso-
tropic NPs with a polarization-dependent response to the incident
light. When a nanorod is excited along the short axis, a plasmon
band is induced at wavelength similar to that of Au nanospheres.Fig. 7. (a) Numerical simulation of absorption spectra of Au NPs (diameter ¼ 50 nm) in
different media (air, water, glass). Inset: Illustration of a single Au NP in a mediumwith
refractive index n. (b) Calculated absorption spectra of Au nanorods in water (n ¼ 1.33)
with different aspect ratios, R. The diameter of the Au nanorod is ﬁxed at a ¼ 15 nm.
Inset: Design of Au nanorod.This is commonly referred to as the transverse band. If it is excited
along the long axis, a much stronger plasmon band is induced in the
longer wavelength region, which is referred to as the longitudinal
band. When Au nanorods are dispersed in a solvent, a steady-state
extinction spectrum is observed containing both longitudinal and
transverse plasmons due to the random orientation caused by the
Brownian motion. While the transverse band is almost insensitive
to the size of the nanorods, the longitudinal band is redshifted
signiﬁcantly from the visible to near-infrared region and increases
with increasing aspect ratio (length/width). Fig. 7(b) shows the
calculated absorption spectra of Au nanorods with different aspect
ratios (the diameter was ﬁxed at 15 nm, and R¼ 1, 2, 2.5, 3). We can
see that the transverse plasmon band exhibits a slight blue shift as
aspect ratio of the nanorods increases, while the longitudinal peak
is continuously shifted from the visible to the near infrared spectra
as the aspect ratio increases. We note that, in our simulations, the
Au NPs are modeled as ellipsoidal particles, while the experimen-
tally fabricated nanorods are more like cylinders. Nevertheless, it is
common to treat small metallic nanorods as ellipsoids in order to
adequately calculate their optical properties and their geometry/
property relationship.
As mentioned in section 2, the plasmonics/photonics coupling
has drawn great attention since such combination can induce a
modiﬁcation of optical properties of the cavity as well as the NP
introduced inside. Speciﬁcally, we are interested in Au NPs and
polymeric photonic cavities. In order to clarify the mechanism of
the coupling, we have performed various simulations using FDTD to
address several different issues: How the excitation light is coupled
into a photonic cavity; How the LSPR of the NPs is enhanced due to
the coupling of the light in the cavity; and how the emitted light of
the NPs is coupled out of the cavity. In all these simulations, we
have also considered the Au NP as a plasmonic and ﬂuorescent NP,
since it can absorb and emit light, as it will be shown in section 4.
3.3. Coupling of light into cavities
First, a simulation addressing the coupling of light into a pho-
tonic cavity was carried out. We investigated two types of cavities,
without any metallic particle: a microsphere and micropillar made
of SU8 photoresist (refractive index of SU8 was assumed to be 1.6
for all wavelengths). We built a simple model inwhich the photonic
cavity (a microsphere with the diameter ¼ 1.12 m m and a micro-
pillar with the height ¼ 1.2 m m and the diameter ¼ 0.3 m m) is
placed on a glass substrate, as shown in Fig. 8(a, b). A linearly
polarized (along the xeaxis) plane wave source is placed under-
neath, pointing upward (in z-direction). A monitor is set in the
(xz)e or (yz)eplane to record the incident light ﬁeld. We studied
the coupling effect in two cases: ﬁrst, using a 532 nm the plane
wave source, which is thewavelength of the excitation laser used in
the experimental work; and second, using a wavelength of 650 nm,
which is arbitrarily chosen within the ﬂuorescence spectrum of Au
NPs. In other words, the coupling of the incident light from the
excitation source and the emitted light from the NPs could be
properly studied in this calculation.
Fig. 8(c, d, e, f) show the square modulus of the electric ﬁeld
within the microsphere and micropillar when they are illuminated
by a plane wave with the wavelength of 532 nm and 650 nm,
respectively. It can be clearly observed that, for the microsphere,
the maxima of the ﬁeld is mostly located at the two ends of the
sphere in the direction of the incident light, whereas in the center,
the ﬁeld intensity is much lower. In contrast, the micropillar's ﬁeld
is ampliﬁed and localized along the height of the pillar. If a source
generating a secondary emission (for example Au NPs) is located at
a maximum of the ﬁeld, its radiation will be largely enhanced. A
clearer comparison between the ﬁelds inside the sphere and the
Fig. 8. (a), (b) Design of polymer-based photonic cavities. (c)e(h) Simulation result of
electric ﬁeld intensities inside [(c), (e)] a SU8 microsphere (diameter ¼ 1.12 mm) and in
[(d), (f)] a SU8 micropillar (height ¼ 1.2 mm and diameter ¼ 0.3 mm). The input light is
assumed to be a plane wave and the calculations were realized for two different
wavelengths, 532 nm and 650 nm. (g), (h) Comparison of light intensity distributions
along z-axis (data extracted from the yellow dashed lines in (c)e(f)). Inset of (g): zoom
in of the intensity distribution at the center of the microsphere or the micropillar
(z ¼ 0).
Fig. 9. Theoretical calculation of plasmonic-photonic coupling. (a) Simulation models:
a single Au NP (diameter ¼ 50 nm) located in a SU8 ﬁlm, a SU8 microsphere
(diameter ¼ 1.12 mm) and a SU8 micropillar (height ¼ 1.2 mm and diameter ¼ 0.3 mm).
The excitation source is a continuous laser beam (wavelength ¼ 532 nm) and assumed
to be placed inside the cover glass. (b) Numerical simulation of absorption spectra
showing a coupling between localized plasmonic effect of a single Au NP and a pho-
tonic structure.
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two cavities, or more speciﬁcally, at the position where z ¼ 0, the
intensity in the sphere is enhanced by 3 times as compared to the
incident light, while the intensity in the pillar increases 15 times. It
is clear that a small change of NP position can lead to a signiﬁcant
change in the coupling of the NP to the cavity.
3.4. Plasmonics/photonics coupling
After verifying the coupling of the excitation light into the
cavities, we studied further the interaction between the LSPRs of Au
NPs and the ampliﬁed ﬁeld inside the cavities. We performed a
simulation inwhich a Au NP of diameter 50 nm is introduced at the
center of the two cavities (z¼ 0). A casewhere a Au NP is embedded
inside a SU8 uniform ﬁlmwas also taken into account for reference.
Fig. 9(a) illustrates the simulation models in those three cases. In
this simulation, the source wavelength ranges from 400 to 800 nm.
Fig. 9(b) shows the calculated absorption spectra of the Au NP
embedded in between the structures in the three cases. For the AuNP inside the SU8 uniform ﬁlm, the obtained spectrum is same as
the one shown in Fig. 7(a), since the SU8 layer can be considered as
an inﬁnite medium with respect to the Au NP. Here, the resonance
peak is located at 553 nm. However, in the case of sphere and pillar,
critical changes were found. The absorption spectrum of the Au NP
inside the microsphere possesses two peaks, one at 567 nm and the
other at 500 nm, both with enhanced absorption. Meanwhile, it is
clear that the spectral proﬁle in the case of micropillar is remark-
ably enhanced compared to the other cases. These modiﬁcations to
the optical characteristics of the Au NPs must be attributed to the
ampliﬁed ﬁeld within the photonic cavities experienced by the Au
NPs, as well as the enhanced plasmonic ﬁeld itself. More specif-
ically, the existence of additional peaks in Au NPs absorption
spectra is due to the resonance of the cavity at the location of the NP
at thesewavelengths, resulting in themaximum energy absorption.
Besides, the Au NP located at the center of the sphere experiences a
much lower EM ﬁeld compared to the one inside the pillar, as
shown in Fig. 8(g), resulting in an enhancement of the resonance
peak. This is also conﬁrmed by the calculated intensity distribution
at the position of Au NPs in those structures, as shown in Fig. 10. In
this case, a linearly polarized (along the xeaxis) plane wave source
with the excitation wavelength of 532 nm is used. The source is
assumed to be placed under the structure and inside a glass sub-
strate, pointing upward in z-direction. Amonitor is set to record the
ﬁeld in (xy)-plane. It can be seen that the Au NP inside the micro-
pillar experiences the highest ﬁeld, while in the case of SU8 ﬁlm the
ﬁeld is the lowest, even lower than in air. This is in good agreement
with the simulation results presented above. In other words, the
high ﬁeld intensity experienced by the Au NP inside the structures
results from the resonance of the incident light inside the photonic
cavities. This leads to the modiﬁcation and enhancement of the Au
NP absorption spectra. Obviously, for the case of microsphere, the
best conﬁguration is to place the Au NP at the edge of the sphere,
where the ﬁeld is a maximum. However, within the scope of this
article, we limited the investigation in the case where the Au NP is
inserted at the center of the microsphere.
Fig. 10. (a) Electric ﬁeld distribution around a single Au NP (diameter ¼ 50 nm) that is
located in air, in a SU8 ﬁlm, in a SU8 microsphere (diameter ¼ 1.12 m m) and in a SU8
micropillar (height ¼ 1.2 m m and diameter ¼ 0.3 m m), respectively. (b) Comparison of
light intensity distribution in four cases (data extracted from the yellow dashed lines in
(a)), showing a strong light enhancement near the Au NP due to plasmonic/photonic
coupling effect.
Fig. 11. Simulation results of radiation patterns of a single emitter located in different
structures: (a) emission diagram in (xz)eplane and (b) emission diagram in (yz)eplane.
The emission dipole was assumed to be in x-direction.
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Finally, we investigated how the emitted light is coupled out of
the cavity. In this case, instead of a Au sphere, the Au NP is modeled
as a single oscillating electric dipole (as a single emitter) whose
orientation is parallel to the interface between SU8 and glass sub-
strate. This corresponds to the excitation polarization at the
focusing spot, since the emission from a small isolated spherical Au
NP depends on the excitation ﬁeld [112,113]. We also assumed that
the emitted wavelength is 650 nm, which is arbitrarily chosen
within the ﬂuorescence spectrum of Au NPs. This wavelength does
not necessarily correspond to the maximum ﬂuorescence spec-
trum, however it does not affect the generality of the calculation
method either. Three particular conﬁgurations were taken into
account for the simulations: a single Au NP embedded in a SU8 ﬁlm,
a SU8 microsphere, and a SU8 micropillar. The structures and pa-
rameters are presented in Fig. 9(a). For all three cases, we assumed
that the oscillating dipole is located in the SU8 photoresist at a
distance of 500 nm from the interface between SU8 and glass
substrate and that the detector is located at the objective lens po-
sition (glass side).
Fig. 11(a, b) show the radiation patterns, i.e. the electric ﬁeld
intensity distribution in the (xz)- and (yz)-planes, respectively. It
can be clearly seen that in the case of the SU8 sphere, a signiﬁcant
portion of the emitted light is located in the vicinity of
qcxarcsinð1=nglassÞ ¼ 41:2, which belongs to the collection coneof the microscope objective, and therefore could be detected (see
experimental part). This portion is even larger in the case of SU8
pillar, which makes this shape the most desirable structure to
couple NPs. On the contrary, the radiation pattern in the case of the
SU8 ﬁlm is oriented at a larger angle, resulting in a loss of photons
propagating out of the collection cone of the microscope objective.
In order to explain these simulation results, we note that for small
particles behaving like dipoles close to a dielectric interface, the
radiated power is principally emitted towards the denser medium
at the critical angle [114]. Since a SU8 ﬁlm possesses a high
refractive index (nSU8x1:6) with respect to that of glass substrate
(nglass¼ 1.518), the emission from the Au NP suffered a total internal
reﬂection (TIR) effect, where all the emitted light at angles larger
than the critical angle are completely reﬂected. In contrast, the Au
NP embedded in a SU8 microsphere or micropillar, the Au NP is
bounded by a small SU8 volume, surrounded by air, resulting in a
low effective refractive index, as compared to the glass substrate.
Therefore, there is no limitation caused by the TIR effect since the
radiated light is transmitted into the glass substrate andmost of it is
then collected by the microscope objective. Certainly, we cannot
directly compare the experimental results with the numerical cal-
culations as we have simpliﬁed the coupling by considering a Au NP
as a single electric dipole. A complete model and full mathematical
calculation may be necessary for future investigation of such
coupling of emitted light out of cavities.
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photonic structure: experimental demonstration
As discussed above, PSs containing active molecules or ﬂuo-
rescent NPs have become of great interest and many kinds of
coupling structures have been studied and reported. However, the
fabrication of such coupling structures still remains a great chal-
lenge since it requires complex and expensive techniques. Recently,
we have demonstrated a simple fabrication technique called low
one-photon absorption direct laser writing (LOPA DLW) [115,116],
which allows us to address most kinds of NPs and to precisely
embed them into desired polymeric PSs with a double-step process
[117]. In this section, we describe the experimental process as well
as experimental results.
4.1. LOPA e based direct laser writing technique
Over the past decade, DLW has become an ideal method for the
fabrication of submicron arbitrary structures [118,119]. There have
been two mechanisms of excitation for photo-induced fabrication,
namely one-photon absorption (OPA) and two-photon absorption
(TPA), each aimed at speciﬁc applications. The OPA excitation
method is used as a convenient technique to fabricate one- and
two-dimensional (1D and 2D) structures. In this technique, a sim-
ple and low-cost continuous-wave laser operating at a wavelength
located within the absorption band of the thin ﬁlm material is
utilized as the excitation source. However, 3D fabrication requires
the use of a pulsed laser (femtosecond) to induce the TPA effect,
which is rather expensive and complex. Recently, we have suc-
cessfully demonstrated that LOPA-based DLW allows one to fabri-
cate any desired submicron 2D and 3D structures [115,116]. In this
technique, a continuous-wave laser source emitting at the low
absorption range of the photoresist is used. In order to compensate
for the low absorption of the photoresist, a high excitation intensity
is realized by using a microscope lens of high numerical aperture
(NA). In this situation, the attenuation of the light penetrating in-
side the material is negligible, and complete polymerization occurs
only within the focusing spot, similar to the case of TPA. The LOPA
method therefore has the advantages of both OPA and TPA
methods.
The LOPA-DLWexperimental set-up is illustrated in Fig. 12(a). In
this system, a continuous-wave laser operating at 532 nm is used.
In order to adjust the power of the laser beam, a combination of a
half-wave plate (l/2) and a polarizer was used. In order to realize
mapping or fabrication, samples are mounted on a 3D piezoelectric
actuator stage (PZT), which is controlled by a LabVIEW program.
The high NA oil-immersion objective (Fluar  100/1.3 NA, Zeiss)
placed beneath the glass coverslip was used to focus the excitation
laser beam. The ﬂuorescence signal emitted by the samples was
collected by the same objective, ﬁltered by a 580 nm long-pass
ﬁlter, and detected by an avalanche photodiode (APD).
Fig. 12(b) shows SEM images of a 2D circular photonic crystal.
The structure was fabricated at a laser power of 4 mW, with the
velocity of 2 mm/s; equivalent to nearly 1 s of exposure. It can be
clearly seen from the SEM images that the structure was well
fabricated with the period (distance between two pillars) of 1.5 mm.
All pillars have a uniform shape and size: z350 nm-diameter and
500 nm-height. Fig. 12(c) shows SEM images of several 3D wood-
pile structures fabricated by this LOPA DLW method. All structures
were well created and their quality is quite similar to that of the
results obtained by TPA-based DLW method. The structures fea-
tures are well separated, layer by layer, in both horizontal and
vertical directions. The focusing spot was scanned continuously
with a scanning speed of about 1.5 mm/s and with a laser power of
5 mW in the fabrication of these structures.4.2. Deterministic coupling a single gold nanoparticle into a
polymer-based photonic structure
We have employed the LOPA-DLW to fabricate PSs containing a
single NP at a desired position. The sample was prepared by a
multiple spin-coating method. First, a layer of SU8 was spin-coated
on a cleaned cover glass, followed by a perfectly dispersed Au NP
monolayer. Then, the second layer of SU8 was spin-coated on top of
the Au NP layer. Note that, after each step, the sample was soft-
baked on a hot plate at 65 C (3 min) and 95 C (5 min) to
remove residual solvents. A total ﬁlm thickness of around 1.0 m m
and a smooth surface proﬁle were subsequently conﬁrmed by a
proﬁlometer. In order to fabricate a PS containing a single Au NP,
ﬁrst its position has to be precisely determined. Fluorescence im-
ages of the Au NPs can be obtained by scanning the focusing spot
through the sample in 3D space. Due to the high absorption of Au
NPs at the wavelength used, a very low excitation power was
employed. The power used for this step, on one hand, must be high
enough so that the ﬂuorescence signal of Au NPs can be distin-
guished from that of SU8, hence precisely identifying the single Au
NP within the diffraction limit (z250 nm for l ¼ 532 nm). On the
other hand, the laser power must be sufﬁciently weak in order to
prevent the polymerization in the working SU8 region, or in other
words, ensure that no structure is formed during the mapping
process. We obtained ﬂuorescent images of individual Au NPs with
a lateral resolution of about 243 nm and an axial resolution of
730 nm, which correspond to the diffraction limit of the objective
lens. The extracted scanning data revealed a precision of <20 nm in
the NP position.
The fabrication of the PS was realized right after the position
determination of single Au NPs. At this step, the excitation power
was increased to 3.8 mW due to the ultralow absorption of SU8
photoresist at excitation wavelength (532 nm). In order to
demonstrate the working principle of this fabrication technique, a
set of micropillars arranged in a hexagonal 2D photonic crystal, in
which the NP was chosen to be located at the central pillar, was
adopted for fabrication. By scanning the focusing spot along the
zeaxis through the total ﬁlm thickness, the fabrication of each pillar
was realized. The exposure dose can be varied by changing the
scanning speed. After the exposure step, the samplewas baked on a
hot plate at 65 C (3 min) and 95 C (5 min) to ﬁnalize the cross-
linking process, which followed by a development step.
The fabricated structure was then placed again on the PZT stage,
at the same position as in the fabrication step in order to perform
optical characterization and to compare the ﬂuorescence of the
same single Au NP. Each patternwas scanned again, using the same
low excitation power as in the mapping step. By doing this, we
could clearly conﬁrm the existence of a single Au NP at the central
pillar of the PS. Moreover, by comparing the ﬂuorescence signal
obtained before (Au NP embedded in SU8 ﬁlm) and after fabrication
(Au NP embedded in PS), we could verify the ﬂuorescence
enhancement due to the NP/PS coupling. In our previous work, we
obtained a six-fold enhancement of the collected ﬂuorescence rate
[116]. This ﬂuorescence enhancement should be a consequence of
different coupling effects (in-coupling, out-coupling, plasmonic
coupling), as shown previously in the theoretical calculation sec-
tion. In practice, however, it is difﬁcult to clearly separate the
contribution from each coupling.
The morphology and surface topography of each structure was
subsequently examined by optical and scanning electron micro-
scopes. Fig. 13 shows the SEM images of several fabricated patterns,
each of which contains a Au NP. From the zoomed image of a
structure, we can see that amicrospherewas formed at the position
of the NP instead of a micropillar. The formation of such micro-
sphere can be explained by the thermal effect of the Au NP at the
Fig. 12. (a) Schematic illustration of the experimental setup of the LOPA-based DLW technique. M: mirror; DM: dichroic mirror; S: electric shutter; PZT: piezoelectric translation
stage; F: 580 nm long-pass ﬁlter; PH: pinhole (diameter ¼ 100 mm); L1, L2, L3: lenses; APD: avalanche photodiode. SEM images of (b) a 2D circular photonic crystal and (c) 3D
woodpile structures fabricated by LOPA DLW.
Fig. 13. SEM image of fabricated 2D SU8 structures, each contains a single Au NP at the
center. Fluorescence image of the microsphere indicates the existence of the single Au
NP at the center of the structure.
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irradiation by the focused laser beam, the Au NP strongly absorbed
green light and was continuously heated while radially diffusing
heat beyond its surface to the surrounding medium [120e122].
Meanwhile, SU8 photoinitiators within the focal spot absorbed
energies from the incident light and generated a certain number of
strong acids. In the vicinity of the Au NP, the temperature notice-
ably increased, inducing a thermal polymerization effect. Since heat
was diffused in spherical symmetry, the polymerization of SU8
resist was completed in a sphere centered on Au NP. As a result, a
spherical structure of polymerized photoresist was obtained by this
fabrication technique. We can verify the presence of the Au NP in
the center of the structure from its strong ﬂuorescence signal
compared to the weak signal of the vicinity, which corresponds to
the SU8 sphere (ﬂuorescence image in the inset of Fig. 13). As
presented in previous section, Au nanorods posses two resonant
modes, which can be excited individually by controlling the exci-
tation wavelength and polarization. We propose for future work to
embed such Au nanorods into PSs in order to minimize the thermal
D.T.T. Nguyen et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 18e3028effect and to obtain a hybrid structure which will be determined
optically.4.3. Inﬂuence of gold particle size
We investigated further the inﬂuence of the NP size on the NP/
PS coupling by realizing the fabrication and measuring the ﬂuo-
rescence enhancement of Au NPs of different sizes: 10, 30, 50, 80,
and 100 nm. All fabrication parameters were kept the same for each
NP size. Fig. 14(a) shows the comparison of the ﬂuorescence signals
collected before (blue curves) and after (red curves) fabrication. In
other words, it compares the ﬂuorescence signal emitted by the
same single Au NP when it is located in an uniform medium
(Fig. 14(b), upper) and when it is coupled to a microcavity
(Fig. 14(b), lower). Fig. 14(c) shows the average photon number
emitted by Au NPs of different sizes in an SU8 ﬁlm (blue symbols)
and SU8 microsphere (red symbols) as well as the average gain of
ﬂuorescence (black symbols). The photon collection enhancements
recorded for each particle size are 12.9 ± 2.5, 12.6 ± 5.6, 3.9 ± 2.7,
5.9 ± 4.4, and 6.6 ± 5.1 times, respectively. It can be seen that the
highest average photon collection corresponds to Au NPs of 10 nm
size, while it reaches a minimum value for Au NPs of 50 nm size.
The trend of ﬂuorescence enhancement with NP size might be
related to the surface plasmon resonance spectra of those NPs, as
well as the volume ratio between metallic NP and polymeric mi-
crospheres. However, due to the thermal induced polymerization
effect, the fabrication did not always produce the same result, and it
is quite difﬁcult to quantify the inﬂuence of different fabrication
parameters. This requires more investigation in order to betterFig. 14. (a) Comparison of ﬂuorescence signal enhancement of different Au NPs
(diameter ¼ 30 nm), obtained before fabrication (blue curves) and after fabrication
(red curves). (b) Fluorescence images of the same Au NP located in a SU8 thin ﬁlm and
in a SU8 microsphere. (c) Comparison of ﬂuorescence signal enhancement of Au NPs of
different sizes, located in SU8 ﬁlm (blue color) and in SU8 sphere (red color), and
average gain of ﬂuorescence (black marks).understand the ﬂuorescence enhancement and plasmonic NP/PS
coupling. Certainly, the deterministic embedding of a single Au NP
into polymeric microstructures by LOPA DLW technique is very
interesting to the fundamental study of ultrafast light modulation
effect as well as an application in biosensing via the plasmonic
effect [110]. Besides, the fabrication of a polymeric structure con-
taining a single emitter, such as a quantum dot or single nitrogen-
vacancy color center in diamond [24,26], should be an ideal way to
investigate NP/SP coupling, which opens the way for quantum
applications.5. Conclusion and prospect
In summary, we have discussed the current research concerning
the coupling of active nanoparticles into photonic structures. Many
kinds of particles are addressed, such as quantum dots, nitrogen-
vacancy color centers in diamond, nonlinear and magnetic nano-
particles, as well as plasmonic nanoparticles and structures. All are
of great interest to many important applications, which drive
massive efforts to improve their properties. The improvements
involve enhancing the fascinating properties of the nanoparticles,
providing a way to employ them into novel practical devices. As we
have seen so far, coupling these nanoparticles into photonic
structures appears to be an effective way to achieve those goals.
Many techniques have been proposed to efﬁciently couple nano-
particles into photonic structures. Current research continues to
look for more efﬁcient fabrication techniques as well as suitable
materials for hosting nanoparticles. In addition, we have proposed
and demonstrated a simple and low-cost technique, called LOPA
DLW, which allows the precise fabrication of a hybrid polymer-
based structure containing a single gold nanoparticle. Fluores-
cence signals of the Au NPs embedded inside microspheres are
strongly enhanced owing to their coupling. Simulations were per-
formed and discussed, giving a preliminary understanding of each
speciﬁc case. Au NPs embedded in photonic structures with an
enhanced ﬂuorescence signal can be a promising candidate for
biosensing and medical applications. Besides, this LOPA DLW
technique can also be applicable for coupling other types of
nanoparticles to desired photonic structures. For further perspec-
tive, we aim at using different kinds of nanoparticles, without
thermal effects, and at investigating their optical properties while
being coupled with polymer-based photonic structures.Acknowledgments
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